This paper presents a study and design methodology for enhancing the efficiency of the SLED I1 rf pulse-compression system [l]. This system employs resonant delay lines as a means of storing rf energy. By making the external quality factor of these lines vary as a function of time, the intrinsic efficiency of the system can reach 100%. However, we demonstrate a considerable increase in efficiency even if the change of the quality factor is limited to a single event in time. During this event, the quality factor of the lines changes from one value to another. The difference between these two values is minimized to simplify the realization of the quality factor switch. We present the system optimum parameters for this case. We also show the extension of this system to two events in time, during which the quality factor of the line changes between three predetermined states. The effects of the losses due to the delay lines and the switch used to change the quality factor are also studied.
I. INTRODUCTION
efficiencies greater than 90% can be achieved for reasonably high compression ratios.
of the pulse compression system using a single change in line coupling. We then study the situation of two changes.
We first introduce a theory for optimizing the efficiency 11. THEORY OF SINGLE-TIME-SWITCHED RESONANT DELAY LINE
A. SLED II
Consider the waveguide delay line with a coupling iris shown in Fig.1 . 
L
The SLED II pulse compression system employs high-Q resonant delay lines to store the energy during most of the signal through one of the lines determines the length of the compressed pulse. To discharge the lines, the phase of the incoming pulse is reversed 180", so that the reflected signal from the inputs of the lines the emitted field from the lines add constructively, thus forming the compressed high-
The lossless scattering matrix representing the iris is unitary. At reference planes, it takes the form:
duration of the incoming pulse. The round trip time of an rf
-Ro
In writing Eq. (1) we assumed a SYmehical Structure for the iris two-port network. With the exception of some phase change, the incoming signal V i at time instant t is the power pulse.
The SLED I1 system suffers from two types of losses that reduce its intrinsic efficiency. During the charging phase, some of the energy is reflected and never gets inside the line. Also, after the phase is reversed, the energy inside the line is not discharged completely during the compressed pulse time period. These two effects make the intrinsic efficiency of SLED I1 deteriorate very rapidly as the compression ratios increases [l] . Increasing the coupling of the line just before the start of the output pulse will reduce the amount of energy left over after the output pulse is finished. This allows more energy to get out of the storage line during the compressed pulse. Losses due to reflection are reduced by keeping the line coupling as a constant value that is optimized for maximum energy storage during the charging phase. If the coupling during the charging phase is a function of time, then all the energy during the charging phase can be stored in the line. However, it will be shown in Sec.11 that if the line coupling changes only once during the charging phase, a charging efficiency close to 100% can be achieved. Indeed, with two changes in the line coupling, the first during the charging phase and the other just before the discharging phase, intrinsic ?Also with the Electrical Communications and Electronics Department, Cairo University, Giza, Egypt.
same as the outgoing signal V i at time instant t -Z, where z is obviously the round trip delay through the line; i.e., where p is the wave propagation constant within the delay line, and I is the length of the line. During the charging phase we assume a constant input, i.e., V[(t) = Vi, which equals a constant value; If the delay line has small losses, where p has a small imaginary part, then at resonance the term where p is a positive real number close to 1. Herice, we have The output pulse level during the time interval ( n -l ) z < t < n z is then This is the essence of the SLED I1 pulse compression system. The optimum values of the iris reflection coefficient such that V,,, is maximized for a given value of n are given in Ref. [l] . If a high-power rf switch existed, it would be possible to have 100% efficiency. This switch would have to change the iris reflection coefficient in a time St such that 6t << z. Most applications that utilize such pulse compression techniques employ very high-power rf fields; but high-power switches are not readily available and are still a subject of extensive research. It is foreseen that an optical high-power rf switch can be developed to switch at least once every few milliseconds VI.
Switching the system once can definitely improve its efficiency. There are two possibilities. First, the iris reflection coefficient can be changed during the charging time to put more energy in the line. Second, the system can be switched just before discharging it to get all the energy out of the line during the compressed pulse.
B. Switching during charging time
During the charging period the power reflected from the line reaches a peak during the first time interval z. We therefore make the iris reflection coefficient equal zero at the beginning. After the first time interval z we switch the iris so that the reflection coefficient has a value &. Assuming a resonant line and flipping the phase according to Eq. (3, the output pulse expression takes the form The choice of the value of & is such that V,,, is maximized.
C. Discharging By Active Switching

CASE1 : Discharging After The Last Time Bin
To discharge the line, the input signal can be kept at a constant level during the time interval 0 I t < n z but switching the iris reflection Coefficient to zero so that all the energy stored in the line is dumped out. In this case 
1-ROP
CASE2 Switching Just Before The Last Time Bin
The ingenious idea of reversing the phase, together with changing the iris reflection coefficient, can be utilized to reduce the burden on the switch. In this case, all the energy can still be dumped out of the line, but the iris reflection coefficient need not be reduced completely to zero. During the discharge interval, the new iris reflection coefficient can be shwn to be This new reflection coefficient is greater than zero, so the switch need only change the iris between 4 and R d . The outuut reduces to
The compressed pulse takes place in the interval ( n -1 ) z I t < nz. The optimum value of R, is such that it fills the system with maximum possible amount of energy in the time interval ( n -1)z instead of nz as in CASE 1. Also, unlike CASE 1, the incident power during this interval will not be coupled to the line nor suffer from a round trip loss; therefore, in CASE 2, the system has a higher efficiency. Table 1 compares the different types of pulse compression systems. It also gives the optimum system parameters for each compression ratio Cr defined here as the total time interval divided by the duration of the compressed pulse, n . The efficiency of the system is defined as the energy in the compressed pulse divided by the total incident energy; namely, In these calculations we assume a lossless system, p = 1.
D. Comparison
At small values of C,, switching the iris just after the first time bin is the most efficient solution. When C, 2 5, switching the iris just before the last time bin, while reversing the phase by 180", is more efficient. At high compression ratios, the last time bin does not contribute much; hence, switching the iris after the last time bin is almost equivalent to switching it just before the last time bin. For applications that require one pulse compression system or several pulse compression systems with no phase synchronization, switching after the last time bin may be advantageous because it can use an oscillator as the primary rf source instead of an amplifier or a phase locked oscillator. 
E. Effect of losses
As the compression ratio increases, the stored energy spends more time in the storage line and the finite quality factor of the line affects the efficiency. Figure 2 shows the effect of losses for different compression ratios. The round-trip line losses, plus reflection losses at the end of the line and reflection losses at the active iris, is defined as In Fig. 2, for a given C, the method used to switch the iris is the optimum one for that particular C,.
Round Trip Power Losses = 1 -p 2 .
(12) Round Trip Losses (% $witching just befor thelast time bin Figure 2 . Effect of line and switching iris losses on compression efficiency for a one-time-switched, resonant delay line
THEORY OF TWICE-SWITCHED RESONANT DELAY LINE
If an iris changing its S-matrix parameters can be realized twice during the time period of charging and discharging the resonant line, a near perfect pulse compression system can be achieved. To see this, the system starts with an iris that has a zero reflection coefficient. After the first time bin, the iris reflection coefficient changes to Ro ;. To discharge the line, the iris reflection coefficient is changed from Ro to Rd just before the final time bin, while reversing the phase according to Eq. (5); optimum Rd takes the form (13) The output now has the following form (14) Table 2 shows the optimum system parameters and the efficiency for different compression ratios. The system is assumed lossless in these calculations. We have developed the theory for a single-time-switched and a twice-switched resonant delay line pulse-compression system. Comparison between different methods of switching and the original passive SLED I1 pulse-compression system shows that a significant improvement in efficiency can be obtained with a single-time-switched line. Furthermore, a twice-switched line can achieve efficiencies near 100% for a relatively large compression ratio. We basically have three methodologies for switching a single-time switched resonant delay line. First, we can switch the iris that governs the quality factor of the line after the first time bin; this is suitable for compression ratios less than 5. For compression ratios greater than 5, the iris should be switched just before the last time bin. At the same time, the phase of the input during the last time bin should change by 180". For compression ratios greater than 16, switching the line after the last time bin is almost equivalent to switching the line just before the last time bin. If the application does not require control over the phase of the output, an oscillator can be used (instead of an amplifier or a phase locked oscillator) while switching after the last time bin. In all cases, losses will reduce the system efficiency greatly, especially at high compression ratios.
Unlike SLED 11, the gain is not limited to 9. At high compression ratios, in order to make use of the high gain provided by switching the line, a superconducting structure may be required.
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